Abstract: Cyclization reactions accompanying the nucleophilic displacement polymerization of bisphenol A and difluorobenzophenone (DFB) were studied. Size distribution and amounts of cyclic species were determined depending on the concentration and isomerism in DFB. Experimental cyclization constants were found to be consistent with the values calculated using Jacobson and Stockmayer's theory for a freely rotating chain of virtual bonds in the case of 4,4'-DFB. For 2,4'-DFB, hindered rotation around some virtual bonds should be taken into account.
Introduction
It is well known that condensation polymerization is usually accompanied with the formation of cyclic oligomers. The chain growth reaction occurs as a result of intermolecular reaction between end groups of growing chains. At the same time, intramolecular reaction between end groups of one and the same chain leads to the formation of cyclic species. For this reason, the lower the concentration, the higher the relative content of cyclic fraction. Cyclic oligomers can additionally be formed as a result of destructive exchange reactions, in particular, backbiting and reversible chain cleavage, which are part of the so-called polycondensation equilibria reactions. A satisfactory theory of macrocyclization equilibria was first formulated by Jacobson and Stockmayer [1] . This theory includes the following assumptions: chains obey Gaussian statistics; all rings formed are strainless; reactivity of all reactive sites along the chain is the same. Therefore, cyclization probability is related to the mean separation of the reaction sites, and the concentration of each oligomer is predicted to decrease proportionally to n -2.5 , where n is the number of repeating units in the ring.
In the past years we observed a considerable interest to reactions that interconvert monomers, polymers and macrocycles. Ring-opening polymerization of macrocyclic aromatic ether ketones, ether sulfones and carbonates offers a potentially valuable route to high-performance aromatic polymers. This polymerization is, in principle, environmentally friendly and seems to be well suited to the in situ production of composite materials. Polymer-macrocycle interconversion was demonstrated in a series of works by Hodge et al. [2] [3] [4] [5] . The ring opening polymerization of strainless cycles with the formation of linear polymers was performed as well as the ring-closing depolymerisation of aromatic polyethersulfones and polyetherketones under highdilution conditions with CsF as a nucleophilic catalyst.
The present work is aimed at the study of cyclization reactions accompanying the nucleophilic displacement polymerization of bisphenol A (BPA) and difluorobenzophenone (DFB). Size distribution and relative amounts of cyclic species are determined depending on the concentration and isomerism in DFB. Experimental cyclization constants are compared with those calculated using Jacobson and Stockmayer's theory with conformational parameters obtained from the unit geometry.
Results and discussion
During the study of polycondensation of BPA and DFB we observed the formation of an oligomeric fraction [6, 7] . We can naturally attribute this fraction to macrocyclic species. The relative contribution of this fraction to overall reaction products depends on the monomer concentration and isomerism in DFB. The isomerism also influences the polymer molecular weights achieved under optimal synthesis conditions [8] . Polyetherketones based on 4,4'-DFB can be prepared with M w as high as 1.5 -2.0·10 5 , whereas polymers based on 2,4'-isomer exhibit M w 's about one order of magnitude lower. Therefore, the other oligomeric peaks were identified as cyclic oligomers with the number of repeating units n up to n = 9. The RTs of these oligomers were compared with those of linear ones prepared using double excess of 4,4'-DFB, OK1. SEC calibration curves are shown in Fig. 2 . As expected [9] , there are two almost parallel lines, so that at given RT (i.e., at equal hydrodynamic volumes), the ratio M cycle /M linear = 1.26 -1.22. The calibration plot for cycles based on 2,4'-DFB is also shown. One can see that these cyclic species have smaller hydrodynamic volume as compared with those based on isomeric 4,4'-DFB. This fact indicates the more compact conformations of the chains. The cyclic fractions were additionally studied by adsorption HPLC on a Resolve silica column (Fig. 3) . The peak positions were compared with the family of peaks due to linear oligomer OK1 with non-adsorptive fluorobenzene end-groups. As expected, peaks of cyclic species were positioned between the corresponding peaks of linear oligomers. It is clear that long polymer chains were irreversibly adsorbed on the silica column under these conditions. The relative peak areas on the HPLC chromatogram of PK1 (Fig. 3, curve 5 ) and the areas of well resolved cyclic dimer peaks on SEC chromatograms were used for the determination of cyclization constants K n in accordance with the Jacobson and Stockmayer theory of equilibrium cyclization in step-growth polymerization:
where n is the number of repeating units in a cycle, [c-M n ] the molar concentration of cyclic n-mer in the reaction medium, p l the extent of reaction in a linear fraction (calculated from M w of the polymer). Linearization of these data for PK based on BPA and 4,4'-DFB in double logarithmic coordinates gave the relation 2 K n = 0.031·n 
where <r 2 > 0 is the unperturbed mean-square end-to-end distance of an n-mer, M the molar mass of the n-mer, M 0 the molar mass of a repeating unit, N A Avogadro's constant. The characteristic ratio <r 2 > 0 /M defines the conformational flexibility of the chain and can be obtained from the geometry of the polymer. We used the following values of virtual bonds and angles (schemes A and B) for polymers based on the isomers 4,4'-DFB and 2,4'-DFB. Unit geometry was specified with the quantumchemical method MS1 [10] . In case of the 2,4'-isomer, the simulation of free rotation around virtual bonds leads to overestimated cyclization constants as compared with experimental ones. Experimental values of cyclization constants of C2 and C3 were obtained from SEC data. The higher cycles (up to at least C7) were observed but their cyclization constants are not presented here. The overlap with linear oligomers did not allow us to determine the relative amounts with appropriate accuracy. The simulation procedure described earlier [13] allowed us to take into account hindered rotation around virtual bonds l 3 and l 5. As a result, better agreement between theory and experiment was achieved. In principle, one should consider simultaneously the hindered rotation around l 2 but this required too high a computational burden and, therefore, was not performed in this study.
Tab.1 illustrates also the effect of concentration on cycles' abundances. Relative amounts of C2 are compared in PK1, PK2, and PK3 synthesized at various monomer concentrations. The more diluted the reaction medium, the higher the fraction of cycles. Relative amounts of C2 in PK1 and PK2 prepared in moderately concentrated systems correspond to the chain-ring equilibrium. In a dilute system (PK3) amounts of cycles are markedly smaller than the theoretical value. Two possible reasons can be mentioned. First, one can expect some deviation from unperturbed dimensions of chains in the dilute reaction system due to the excluded volume effect. Secondly, under high dilution, we could not prepare polymer with M w higher than approximately 10 4 . Probably, this fact is connected with a considerable contribution of hydrolytic side reactions removing fluoride end groups from the reaction and leading to unaccounted disbalance between the functional groups.
In general, the obtained results allow us to conclude that nucleophilic displacement polycondensation of DFB and BPA is accompanied with the formation of macrocyclic species with n ≥ 2, and that their size distribution corresponds to the thermodynamic ring-chain equilibrium. The change from 4,4'-to 2,4'-DFB enlarges the amounts of cycles in compliance with the higher conformational flexibility. At the same time, the results obtained for 2,4'-isomer indicate hindered rotation around several virtual bonds in contrast with free rotation in the 4,4'-isomer.
Experimental part
Synthesis and characterization of monomers and polymers were described elsewhere [6, 8] . The isomeric purity of DFB was monitored by HPLC as described in ref. [8] . Below the typical procedure of polymer synthesis is presented.
Argon was passed through a four-neck flask with a stirrer, a pipe for argon supply, and a system for azeotropic water distillation. Then 4,4'-DFB (21.8 g, 0.1 mol), BPA (22.8 g, 0.1 mol), preliminary powdered and calcined K 2 CO 3 (18 g, 0.13 mol), N,Ndimethylacetamide (200 ml), and phenyl chloride (100 ml) were loaded into the flask. 0.001 mol of monofluorobenzophenone was added upon the synthesis of PK1 for the sake of end-capping. The temperature of the oil bath was gradually (within 0.5 h) increased to185°C. Duration of the synthesis after completion of azeotropic water distillation was 10 h (50 h in the case of 2,4'-DFB). Probes were taken in the course of the synthesis, filtered off, diluted with CHCl 3 and analyzed by SEC. After the end of the synthesis, the reaction mixture was cooled, diluted with CHCl 3 , filtered to remove the salts, and multiply washed with water. The polymer isolated as a film by the evaporation of the solvent was dried in vacuum with a gradual increase of the temperature from 60 to 140°C for 18 h and then at 150°C for 25 h. The probes were treated in a similar way to obtain films. Oligoetherketone OK1 was prepared by the procedure described above using double excess of 4,4'-DFB (0.2 mol 4,4'-DFB and 0.1 mol BPA). Duration of the synthesis was 4 h. The product was studied after filtration and dilution with CHCl 3 .
Molecular weight distributions of polymers were determined by SEC on a Waters instrument with M484 UV-VIS detector (260 nm) and U-Styragel Linear column calibrated with fractions of the studied polymer using a previously described procedure [6] . M w 's of polymers and fractions were measured by light scattering on a Fica photometer.
SEC of linear and cyclic oligomers was performed on a Waters instrument consisting of M600 pump, M484 UV-VIS detector (260 nm), and U-Styragel 1000 and 500 Ǻ columns in CHCl 3 at a flow rate 1 ml/min. Adsorption HPLC of oligomers was carried out at 25°C on a Resolve silica (Waters) column using the same instrument. CH 2 Cl 2 was used as the eluent at a flow rate of 1 ml/min.
MALDI-TOF MS analysis was performed on an Ultraflex (Bruker) instrument in a regime of '+' ions in reflecto-mode. 2,5-Dihydroxybenzoic acid was used as a matrix and trifluoroacetic acid as a cationising agent.
